Background Skeletal muscle protein loss is an adaptive response to various patho-physiological situations, and the ubiquitin proteasome system (UPS) is responsible for the degradation of the bulk of muscle proteins. The role of E2 ubiquitinconjugating enzymes is still poorly understood in skeletal muscle.
Introduction
Ubiquitination is a widespread post-translational modification of proteins that regulates cell metabolism within eukaryotes. 1 Using a single protein, ubiquitin (Ub), several signals can be created that will give rise to different fates for each modified protein. Proteins targeted with Ub chains linked through K48 represent an important part of Ub signals and are bona fide proteasome substrates. Other protein modifications include Ub chains with other Ub lysine residues (K6, K11, K27, K29, K33, or K63), forked (e.g. K6-K11), heterologous (Ub-SUMO) or simply monoUb. 2, 3 Besides K48 and K11 chains, other protein modifications with Ub generally do not involve protein degradation through the 26S proteasome, which highlight the complexity of Ub signalling in eukaryotic cells. Modification of proteins by Ub signal involves several hundreds of enzymes that combine together for achieving high-specificity targeting and fine-tuning of metabolic pathways and cell growth. This is in particular the case for skeletal muscle, a tissue with high plasticity that can atrophy and recover very rapidly. 4, 5 Indeed, it is now assumed that the ubiquitin proteasome system (UPS) is mainly responsible for controlling muscle mass in nearly any catabolic situations. For these reasons, identifying the enzymes that physiologically target muscle proteins for breakdown by the 26S proteasome is of considerable interest and represents a promising way for the development of future therapeutical strategies.
Ubiquitination of a protein requires the sequential action of three classes of proteins. Ubiquitin is first activated by a single E1 (Ub-activating enzyme) that transfers high-energy Ub to one of the 35 mammalian E2s (Ub-conjugating enzymes). The E2s transfer Ub on target proteins in conjunction with the third class of enzymes (>600), namely, E3 ubiquitin ligases. An E2 is able to cooperate with different E3s and vice versa, which enables the specific targeting of virtually any cellular protein. The E3s recognize the target protein to be degraded and thus bring specificity to the ubiquitination machinery, but most E3s lack enzymatic activity so that only the E2-E3 couple is functionally relevant. Whereas most studies focused on the role of E3 ligases, it turned out that E2s possess an important role and influence the fate of the substrate. Indeed, E2s are directly responsible for determining the type of chain built on the substrate together with the identity of the residue modified by Ub, which means E2s are central players in the ubiquitination machinery. [6] [7] [8] The UPS is highly activated during skeletal muscle atrophy as witnessed by increased expression of several components of this pathway and is believed to be the main actor of muscle wasting in several catabolic conditions. [9] [10] [11] [12] [13] [14] [15] The muscle-specific E3 ligases MuRF1 and MAFbx are particularly sensitive markers of the atrophying programme, but other E3s have also been linked to the development of muscle wasting and different targets have been identified. 4 However, the identity of the E2s catalyzing Ub transfer remains elusive, as only in vitro ubiquitination assays have been performed (see Polge et al. 16 for a recent review). Indeed, multiple E2-E3 combinations may be possible for a substrate but with different signals that are linked or not to 26S proteasome-dependent degradation. 6, 8, 17, 18 Overexpression of different E2s was reported in several catabolic models, but only a limited number of E2 enzymes were addressed in previous studies. [19] [20] [21] [22] 12, 14, 23, 15, 24 UBE2B is probably the only E2 enzyme that responded to most catabolic situations tested. In addition, this enzyme is highly expressed in skeletal muscle, represents nearly half of Ub conjugation when combined with its isoform UBE2A, and expression levels of UBE2B are tightly linked to atrophy and recovery situations. 19, 25, 13 However, no muscular target has yet been attributed to UBE2B, and its role during atrophying situations is still unknown.
In this work, we screened the expression levels of E2s that are highly expressed using C2C12 myotubes that were treated or not with dexamethasone (Dex). We found that only a limited number of E2s were responsive to Dex and that only the expression of UBE2B and the muscle-specific E3 ligase MuRF1 was sensitive to moderate levels of Dex. Interestingly, UBE2B knockdown induced an accumulation of actin and myosin heavy chain (MHCI), indicating that UBE2B is an important factor of myofibrillar protein degradation. Surprisingly, this was restricted to UBE2B, as its isoform UBE2A did not exhibit any role on the bulk of muscle proteins. Altogether, we report that a single E2 can profoundly alter protein balance in muscle cells and that close isoforms may have non-overlapping roles in cells.
Materials and methods

Antibodies and materials
Anti-flag (clone M2), anti-actin, and anti-MHCI (skeletal myosin heavy chain I) antibodies were from Sigma; anti-polyUb (FK1), anti-Ub K48-specific, and anti-Ub K63-specific antibodies were from Millipore; anti-UBE2B antibody was a generous gift from Pr. S. S. Wing (McGill University, Montreal, Canada), and the anti-MuRF1 antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Immunoblots were revealed using the Li-COR Odyssey (ScienceTec, Courtaboeuf, France) procedures. Blots were then stained using Blot-FastStain (G-Biosciences, MO, USA), and densitometry was performed using the ImageJ software v.1.34s (NIH, Bethesda, MA, USA) to ensure even loading. C2C12 muscle cells were purchased from LGC Promochem (Teddington, UK). The fa-C2C12 clone expressing stably flag α-actin and GST-MuRF1 were already described. 26 Anti-protease cocktail, water-soluble Dex, the primers, and siRNAs were from Sigma-Aldrich (Saint-Quentin Fallavier, France). All primers and siRNAs were designed using the PrimerBlast (http://www.ncbi. nlm.nih.gov/tools/primer-blast/) and siRNA Wizard v3.1 (http:// www.sirnawizard.com) software, respectively, and are listed in the Supporting Information section.
Constructions
The original sequence of rat UBE2B was provided by Pr. S. S. Wing (McGill University, Montreal, Canada). Full-length-UBE2B cDNA was amplified by PCR using the Platinum Pfx DNA polymerase (Invitrogen, Paislay, UK) and subcloned in pAED4 expression vector. 27 GST-MuRF1 construction was already described. 26 Cell culture, treatments, and fractionation of cellular proteins C2C12 and fa-C2C12 myoblasts were grown under 5% CO2 in Dulbecco's modified Eagle medium (DMEM, Sigma-Aldrich, Saint-Quentin Fallavier, France) containing 10% foetal bovine serum (FBS, Gibco, Invitrogen, Paislay, UK) and supplemented with L-glutamine, non essential amino acids, and gentamycin (Gibco, growth medium, GM). For myoblast differentiation, cells were grown to near confluence and then shifted to DMEM containing 2% horse serum (differentiation medium) for 6 days.
A catabolic state was induced in myotubes by adding Dex up to 48 h before harvesting the cells. Briefly, myotubes were washed and scraped off the plate into 1X phosphate-buffered saline and then sonicated for 30 s at maximum power using a UP50H sonicator (Hielscher, Teltow, Germany) in lysis buffer (5 mM Tris, pH 7.5, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 mM NEM, 1% Triton X-100/anti-proteases (Protease Inhibitor Mixture/Sigma)) as previously described. 28 Cell lysate was then centrifuged at 10 000 g for 10 min at 4°C, and the supernatant (soluble fraction) was kept at À80°C until use. The pellets enriched in myofibrillar proteins were resuspended in homogenization buffer and sonicated to re-suspend the proteins. Protein content was determined using the BCA protein assay kit (Pierce, Rockford, IL, USA).
GST pulldown assays
GST-MuRF1 and UBE2B were expressed in Escherichia coli BL21(DE3) (Merck, Darmstadt, Germany) using 100 μM IPTG. Bacteria were then pelleted, resuspended in 1X PBS buffer, 100 μM PMSF, 1% Triton X100, and lyzed using a French press. The lysate was then centrifuged at 16 000 g, and the supernatant was used to carry out the following experiments. GST-MuRF1 were then purified with Glutathione-Sepharose 4B beads (GE Healthcare) according to the manufacturers' instructions and used as a 50% slurry for subsequent GST-pulldown experiments.
qRT-PCR and knockdown experiments
Total RNA was purified from C2C12 myotubes using Trizol (Fisher Gibco). qRT-PCR was performed using the Quantitect Reverse transcription kit (Qiagen) and the SYBR Green supermix (Bio-Rad) according to the manufacturer's instructions using a cfx96 real-time system (BioRad). Calculations were made using the comparative ΔCt method (Pfaffl) with YWHAZ, HPRT1, and GusB Housekeeping genes (see Supporting Information for primers).
Knockdown experiments were carried out on fa-C2C12 myoyubes grown in multiwell cell culture plates and treated or not with Dex. Myotubes were transfected or not at day 4 of differentiation with a couple of siRNAs targeting either UBE2A (si-UBE2A), UBE2B (si-UBE2B), or no known protein sequence (sc-siRNA, negative control) using the CADY peptide as previously described.
12 Two different siRNAs were tested for each target (UBE2A and UBE2B). They gave similar results in preliminary experiments, so that we mixed them for the experiments presented in this manuscript. Another control group was systematically performed where only 1X PBS was present (mock transfection). A couple of siRNAs was used for each transfection. Briefly, siRNAs were diluted in 1X PBS (20 μM). The CADY peptide was resuspended in water (20 μM) and diluted (4 μM final) in 1X PBS containing either no siRNA or siRNA (50 nM final) targeting UBE2A, UBE2B or no known coding sequence. Myotubes were washed with 1X PBS and the CADY-siRNA mixture (200 μl) was added to the cells for 5 min at 37°C. Differentiation medium lacking the antibiotics and the serum was added (400 μl), and myotubes were incubated for 2 h at 37°C. Complete differentiation medium containing or not Dex (1 μM) was then added (2.4 ml) in each well, and cells were harvested upon 2 days of Dex treatment as described earlier. The experiments were repeated three times for UBE2B and twice for UBE2A knockdown and gave reproducible results.
Statistical analysis and data processing
Densitometric analyses were performed on immunoblots using the ImageJ software v.1.34s (NIH, Bethesda, MA, USA). Data are presented as means ± SEM for qRT-PCR and immunoblotting. Statistical significance was tested using the Mann-Whitney U test ( 
Results
Expression of E2 and E3 enzymes in catabolic fa-C2C12 myotubes
The mRNA levels of several enzymes implicated in the ubiquitination machinery were determined in myotubes subjected to Dex treatment. In accordance with previous reports, the muscle-specific E3 ligase MuRF1 and MAFbx mRNA levels were elevated with Dex treatment (1 μM) in fa-C2C12 myotubes (Figure 1(A) and Supporting Information Figure 1(A) ). Several E2 enzymes were selected based on their mRNA abundance in skeletal muscle (NextBio body Atlas database, https://www. nextbio.com) and also on previous measurements using other catabolic situations. [29] [30] [31] 14, 15, 24, 32 Using 1 μM Dex, 6 out of the 14 selected E2 enzymes exhibited enhanced mRNA levels, namely, UBE2A, UBE2B, UBE2D1, UBE2D2, UBE2G1, and UBE2J1 ( Figure 1(A) ). We next repeated this experiment using a milder Dex treatment in order to detect targets more sensitive to a catabolic treatment. Using 0.16 μM Dex, only MuRF1 and UBE2B mRNA levels were elevated when compared with controls ( Figure 1(B) ), suggesting that these enzymes were particularly sensitive and important for the establishment of a catabolic situation.
UBE2B knockdown stabilizes α-actin and myosin heavy chain
We used the amphipathic peptide CADY for performing siRNA transfection to specifically knockdown UBE2B in fa-C2C12 myotubes treated with Dex (1 μM). When transfection of a siRNA encoding for no known target sequence was performed (sc-siRNA), UBE2B mRNA levels were elevated upon Dex treatment (+30%, P < 0.05, Figure 2(A) ). In contrast, transfection with UBE2B-specific siRNAs (si-UBE2B) decreased UBE2B mRNA levels in both untreated and Dex-treated fa-C2C12 myotubes (À30%/À43%, P < 0.05, Figure 2 (A)). Murine UBE2B and UBE2A share 73% sequence similarity at the nucleotide level and the selection of siRNAs specific for each isoform was thus cautiously performed. Furthermore, redundant function may be shared by so closed isoforms. Consequently, we tested whether UBE2B knockdown could have an effect on UBE2A mRNA levels. In our conditions, UBE2B knockdown had no effect on UBE2A mRNA levels in both control and Dex-treated fa-C2C12 myotubes (Figure 2(B) ). We then addressed the efficiency of UBE2B knockdown on UBE2B protein levels and observed a significant decrease (À24%, Figure 2 (C)). Available antibodies are not able to distinguish between UBE2A and UBE2B, so that we underestimated the actual effect of the knockdown experiment on UBE2B protein levels. Others showed that UBE2B and the isoform UBE2A account for roughly half of the ubiquitinating activity in skeletal muscles. 19 Thus, we addressed the impact of UBE2B knockdown on fa-C2C12 protein levels. Dexamethasone treatment (1 μM) decreased similarly soluble and myofibrillar protein levels in fa-C2C12 myotubes transfected with mock sc-siRNA when compared with untreated controls (≈20%, P < 0.05, Figure 2(D) ). Interestingly, UBE2B knockdown increased total protein levels, and this increase was only due to elevated soluble proteins. It should be noticed that in our experimental conditions (intense sonication), a fair amount of contractile proteins are present in the soluble fraction. We next addressed the identity of proteins that were spared by UBE2B knockdown. In the soluble fraction flag-actin was depressed upon Dex treatment and, as for total proteins, transfection with the control siRNA (sc-siRNA) did not improve flag-actin content in the myofibrillar fraction (Figure 2(E) ). However, UBE2B knockdown increased flag-actin levels in the soluble fraction (Figure 2(E) ). Similarly, MHCI levels decreased upon Dex treatment in the soluble fraction in both PBS and sc-siRNA groups but were enhanced in fa-C2C12 myotubes knocked down for UBE2B (Figure 2(F) ). In the myofibrillar fraction, we also observed decreased flag-actin levels (Figure 2(G) ). In contrast with the soluble fraction, this decrease was not abolished by UBE2B knockdown, which is in accordance with the lack of effect of UBE2B knockdown on the myofibrillar protein fraction (Figure 2(D) and (G)).
UBE2A knockdown
As UBE2B shares 96% identity with UBE2A protein sequence, we next addressed whether UBE2A knockdown could have similar effects on protein levels. Upon UBE2A-siRNA Figure 1 A limited number of E2 enzymes are up regulated upon Dex treatment. C2C12 myotubes were untreated (CT) or treated with either 1 μM (A) or 0.16 μM (B) Dex. mRNA levels for E2s highly expressed in skeletal muscle were determined by qRT-PCR. The E3 ligase MuRF1 was used as a control of catabolic conditions. Only UBE2B was up regulated upon low levels of Dex. * P < 0.01, n = 6. Figure 2 UBE2B knockdown induced an accumulation of soluble proteins. UBE2B was partially invalidated in C2C12 myotubes using cell penetrating peptides for siRNA transfection. C2C12 myotubes were transfected with mock (sc-siRNA) or a mixture of siRNA directed against UoBE2B mRNA (si-UBE2B) and treated or not with Dex (1 μM). (A) UBE2B mRNA levels decreased by 30% and 43% in control and Dex-treated C2C12 myotubes, respectively. Dex treatment induced an upregulation of UBE2B mRNA in mock-treated myotubes, while UBE2B knockdown suppressed this increase. (B) UBE2A expression was not affected by UBE2B knockdown and Dex treatment increased similarly UBE2A mRNA levels in both sc-siRNA and si-UBE2B in C2C12 myotubes. (C) UBE2B protein levels were depressed by UBE2B knockdown (À24%), n = 6, fa-C2C12 myotubes stably expressing flag-actin (Polge et al. 12 ) were treated or not with Dex (1 μM) and transfected with either sc-siRNA (mock control) or si-UBE2B siRNAs. Untreated myotubes received identical amount of PBS 1X instead of Dex. (D) Proteins levels were determined, and untreated sc-siRNA transfected myotubes were used as reference (PBS). Total, myofibrillar, and soluble-enriched fractions were similarly depressed upon Dex treatment in sc-siRNA-transfected (mock) C2C12 myotubes when compared with the PBS group (P < 0.05). UBE2B transfection induced an accumulation of total and soluble proteins in Dex-treated fa-C2C12 myotubes. (E) flag-actin was depressed in the soluble fraction upon Dex treatment in both untransfected and sc-siRNA (mock) transfected fa-C2C12 myotubes. In contrast, UBE2B knockdown induced an accumulation of flag-actin. (F) Myosin heavy chain (MHCI) was depressed in the soluble fraction upon Dex treatment in fa-C2C12 myotubes and, like α-actin, accumulated when UBE2B was partially invalidated by knockdown. (G) flag-actin levels decreased upon Dex treatment in the myofibrillar fraction of fa-C2C12 myotubes and UBE2B knockdown did not affect α-actin loss. Load: proteins were stained using Blot-FastStain reagent. Portions of the analysed membranes are shown and densitometry was performed on large areas. * P < 0.01 for transfection-linked modification of mRNA levels. † P < 0.01 for Dex treatment, n = 6. (A) UBE2A mRNA levels were reduced by 48% and 50% in untreated and Dex-treated fa-C212 myotubes, respectively, while no effect was observed on UBE2B (B). n = 6, * P < 0.01 for transfection-linked modification of mRNA levels. † P < 0.01 for Dex treatment. fa-C2C12 myotubes were treated or not with Dex (1 μM) and transfected with either sc-siRNA (mock control) or si-UBE2B siRNAs. Untreated myotubes received identical amounts of PBS 1X instead of Dex. (C) Proteins levels were determined and untreated sc-siRNA transfected myotubes were used as reference (PBS). Total, myofibrillar, and soluble-enriched fractions were similarly depressed upon Dex treatment in both mock (sc-siRNA) and si-UBE2A transfected myotubes (P < 0.05). (D) and (E) flag-actin and MHCI were not protected by UBE2A knockdown in the soluble fraction of fa-C2C12 myotubes treated with Dex. (F) No effect of UBE2A knockdown was observed on α-actin levels in the myofibrillar fraction of fa-C2C12 myotubes. Load: membranes were stained using Blot-FastStain dye and densitometric analysis was used to correct for uneven loading (a portion of the membrane is shown). * P < 0.05, n = 6. transfection, UBE2A mRNA levels were no longer increased in Dex-treated fa-C2C12 myotubes, while UBE2B expression was still elevated by Dex treatment (Figure 3(A) and (B) ). Thus, UBE2A knockdown specifically reduced UBE2A mRNA levels without affecting UBE2B mRNA in both Dex-treated and untreated fa-C2C12 myotubes (Figure 3(A) and (B) ). However, total myofibrillar and soluble protein loss was similar in control sc-siRNA transfected cells and in UBE2A knocked-down myotubes (Figure 3(C) ). Similarly, flag-actin and MHCI levels were not improved by siUBE2A transfection. Indeed, Dex treatment still induced decreased contractile protein levels in both the myofibrillar and soluble fractions (Figure 3(D-F) ).
K48-Ub conjugates are depressed upon UBE2B knockdown in Dex-treated C2C12 myotubes UBE2A and UBE2B were previously described as important contributors of polyUb conjugates in skeletal muscle. 33, 34 Thus, UBE2B knockdown should have an impact on polyUb levels. In the presence of siUBE2B, we found that polyUb conjugates were depressed by 26% (NS) and 17% (P < 0.05) in the soluble fraction from PBS and Dex-treated C2C12 myotubes, respectively (Figure 4(A) ). In contrast, no significant variation was observed in the myofibrillar fraction (Supporting Information Figure 2(A) ). We then addressed the impact of UBE2B knockdown on specific Ub chain linkages. Interestingly, K48 Ub conjugates were not altered by UBE2B knockdown in CT myotubes, while these conjugates were depressed by 28% in Dex-treated myotubes (P < 0.02, Figure 4(B) ). K63 Ub conjugates tended to decrease upon UBE2B knockdown in the soluble fraction from Dex-treated myotubes (Figure 4 (C), P = 0.11). No variation was observed in the myofibrillar fraction for both K48 and K63 polyUb conjugates (Supporting Information Figure 2 (B) and (C)).
UBE2B and MuRF1 do not interact
Previous work showed that MuRF1 is implicated in the targeting of actin and myosin heavy chains. 26, 35, 20 We thus investigated whether MuRF1 could interact with UBE2B for subsequently targeting contractile proteins. Previous studies showed that recombinant UBE2B and the E3 ligase Rad18 forms stable dimers in vitro, indicating that UBE2B-E3 interactions may be strong enough for pulldown experiments. 36 We co-produced recombinant GST-MuRF1 and UBE2B in E. coli and purified potential complex using the GST moiety. Co-production in the same clone ended up with the presence of both GST-MuRF1 and UBE2B in the supernatant ( Figure 5 upper panel) . Purification of GST-MuRF1 on commercial beads was efficient, but no UBE2B was present in the eluate ( Figure 5 lower panel) , suggesting that the two proteins did not interact in these conditions or that the interaction was labile and/or transient. E3s generally interact with higher affinity with E2 charged with ubiquitin than with uncharged E2. 37 Therefore, we added E1, ubiquitin and ATP to the bacterial lysate to charge the E2 before performing the GST-MuRF1 pull down (see Supporting Information Figure 3 legend for details) . Again, we were unable to detect an interaction between GST-MuRF1 and UBE2B (Supporting Information Figure 3 ).
Discussion
We recently reported that α-actin is a UPS substrate and that the E3 ligase MuRF1 controls the levels of α-actin in the myofibrillar fraction during catabolic situations. 26 In the past decade, most efforts were put on identifying the E3 enzymes responsible for the targeting of myofibrillar proteins, whereas few studies addressed the role of E2 enzymes in muscle wasting. In this work, we provide evidence that a limited subset of E2 enzymes is upregulated at the mRNA levels following Dex treatment. In addition, we found that actin and MHCI accumulated in the soluble fraction when UBE2B was knocked down, thus suggesting an important role of UBE2B in contractile protein homeostasis in catabolic conditions. Finally, MuRF1 did not interact with UBE2B despite the fact that these proteins negatively impact the same targets (actin and myosin), which suggests that different E2-E3 couples may act sequentially and/or concomitantly on myofibrillar protein turnover.
Specificity of protein targeting by the UPS involves two classes of enzymes, E2 ubiquitin carrier proteins and E3 ligases. Several hundreds of E3 ligases ensure the specific recognition step of the targeted proteins, while at least 35 E2 are necessary for bringing Ub to the substrates. Amongst E3s, Ring-finger and Ring-finger-like E3s do not generally possess any catalytic activity and act as a platform for Ub and the substrate. Depending on the E2-E3 couple formed, the ubiquitination signal is different (mono-Ub, poly-Ub with different possible linkages, heterogeneous Ub-SUMO chains, etc.) and sustains various roles, from basic degradation by the UPS to histone rearrangement during DNA repair (see Kravtsova-Ivantsiv and Ciechanover 38 for a review). Interestingly, recent reports hypothesized that it is the E2 enzyme that defines the chain type and thus the future of the substrate. 39, 8, 7, 6, 17 This implicates an underestimated role of E2 enzymes in the targeting of UPS substrates and another step of complexity in the fine-tuning of cellular proteins by this proteolytic system. The 14-kDa E2/Rad6B now called UBE2B was one of the first studied E2s in catabolic skeletal muscles. Together with other components of the UPS, UBE2B is highly upregulated in several models of skeletal muscle atrophy including sepsis, cancer, hindlimb suspension, fasting, and myostatin treatment. 15, 23, 14, 40, 22, 21, 19, 41, 10, 11 Using catabolic cultured myotubes (1 μM Dex treatment), we found here that UBE2B was upregulated at the mRNA level together with five other E2 enzymes including its isoform UBE2A (Figure 1(A) ). Interestingly, lowering Dex concentration still induced components of the UPS, but only MuRF1 (but not MAFbx, Supporting Information Figure 1 ) and UBE2B were upregulated, suggesting that UBE2B and MuRF1 are crucial actors during an atrophying situation (Figure 1(B) ). Accordingly, we previously reported that UBE2B is tightly regulated during both atrophy and recovery in skeletal muscles. 13, 14 In addition, the combined Ub binding capacity of UBE2A and UBE2B represent half of the total capacity of skeletal muscles, further suggesting a potential important role in skeletal muscle homeostasis. 19, 33 Surprisingly, knock-out mice for UBE2B did not exhibit any marked phenotype but a slightly smaller muscle mass and the authors hypothesized that UBE2A and UBE2B might have redundant functions in skeletal muscles. 19 However, a common problem with knock out is the compensatory effect that often occurs and masks the deletion effects. We therefore addressed the role of UBE2B in atrophying myotubes using a transient knockdown approach. Using Dex treatment, total protein loss was equally distributed between soluble and myofibrillar enriched fractions in mock-transfected myotubes, but this was completely abolished in UBE2B knockdown myotubes (Figure 2(D) ).
Figure 4 UBE2B knockdown decreased polyUb conjugates levels in fa-C2C12 myotubes. Immunoblotting was performed on soluble proteins from untreated and Dex-treated fa-C2C12 myotubes using antibodies directed against polyUb (all linkages), K63, and K48 conjugates. (A) UBE2B knockdown significantly decreased total polyUb conjugates levels in Dex-treated myotubes. (B) UBE2B knockdown significantly reduced K48-linked polyUb conjugates in Dex-treated myotubes (À28%) but not in untreated cells. (C) PolyUb conjugates via K63 linkages were not significantly modified in either Dex-treated or untreated fa-C2C12 myotubes. Load: membranes were stained using Blot-FastStain dye and densitometric analysis was used to correct for uneven loading (a portion of the membrane is shown). * P < 0.05, n = 6.
Surprisingly, soluble and myofibrillar-enriched fractions behaved differently in knockdown myotubes, as proteins were repeatedly (i.e. in three independent experiments) spared in the soluble fraction but not in the myofibrillar enriched fraction (Figure 2(D) ). Amongst the proteins that accumulated upon UBE2B knockdown, flag-actin and MHCI were significantly spared. It should be noticed that the soluble fraction was obtained following intense sonication of myotube homogenates and that all the loosely attached myofibrillar proteins, for example, the easily releasable myofilaments 42 were probably present in this fraction. Easily releasable myofilaments may be either degradation intermediates or recently translated proteins rapidly degraded. This means that we cannot distinguish between monomeric and partially unstructured myofibrillar components in our assays. In addition, UBE2B knockdown mainly affected K48-linked Ub chains (À28%) that represent bona fide proteasome substrates. Altogether, this suggests that UBE2B possesses an important role in the processing of the myofibrillar apparatus upon Dex treatment. UBE2B shares 96% identity at the protein level with the isoform UBE2A, and redundant function was hypothesized. In our assays, UBE2A mRNAs were unaffected by UBE2B knockdown, suggesting that the two isoforms were differentially regulated. This was confirmed by UBE2A knockdown that was unable to accumulate total protein, flag-actin, or MHCI in both control and Dex-treated myotubes (Figure 3(C)-(F) ). For the first time in skeletal muscle cells, we found that a given E2 has an impact on a peculiar subset of proteins and that this E2 acts preferentially (at least quantitatively) in the soluble fraction.
UBE2B and the E3 ligase UBR2 are known to mediate transcriptional silencing via histone H2A ubiquitination in testis, 43 and when combined with the UBR1 E3 ligase, UBE2B is implicated in the ubiquitination of myc proteins. 44 In Hela cells, UBE2B and Mdm2 target p53 for degradation by the proteasome, 45 while UBE2B interacts with the E3 ligase Rad18 and is implicated in meiotic functions in testis 46 and DNA repair through PCNA ubiquitylation. 36 Last, but not least, UBE2B-mediated histone (H2B) ubiquitylation in conjunction with hBRE1 E3 ligase is responsible for Histone H3 methylation and subsequent increased transcriptional activity in Hela cells. 47 Thus, UBE2B is a good example of the multiplicity of action of a single E2 depending on the cellular context. However, and surprisingly, no physiological target has been identified so far in skeletal muscle for UBE2B despite the high mRNA abundance and the important upregulation of UBE2B observed in this organ during catabolic situations. The role of UBE2B on actin and MHCI levels might be either direct or indirect, but these targets represent the first muscle proteins being impacted by UBE2B activity.
As an E3 serves as a platform for bringing E2s and substrates in the vicinity, interaction between E2s and substrates are rather limited to a couple of residues, so that reconstitution of the trio E2-E3-substrate is the only way for deciphering protein degradation mechanisms. UBE2B collaborates at least with two members of the UBR E3 family (UBR1 and UBR2). In our conditions, we found that both UBR1 and UBR2 were overexpressed with high levels of Dex (1 μM) but were not responsive to mild catabolic conditions using 0.16 μM Dex (Supporting Information Figure 1(B) ). In addition, the role of UBR1 and UBR2 during skeletal muscle atrophy is still controversial as they are mildly upregulated at the mRNA levels in different catabolic situations (diabetes, cancer, and sepsis) but do not seem to be involved in the atrophying programme of catabolic skeletal muscles. [48] [49] [50] 9, 51 We thus focused on MuRF1 that was previously demonstrated to target actin and MHCs in myotubes. 12, 20, 35 In our conditions, MuRF1 and UBE2B were equally responsive to low doses of Dex (Figure 1 ) but these UPS enzymes did not interact ( Figure 5 ). Phosphorylation of Figure 5 UBE2B does not exhibit affinity for the muscle-specific E3 ligase MuRF1. Recombinant GST-MuRF1 and UBE2B were co-produced in BL21 (DE3) Escherichia coli and GST pulldown was performed (three independent experiments). Immunoblotting (IB) revealed that GST-MuRF1 (upper panel) and UBE2B (lower panel) were mainly present as soluble proteins (bacterial lysate, soluble). GST pulldown efficiently purified GST-MuRF1 as witnessed by the presence of the recombinant protein in the eluate (upper panel). In contrast, UBE2B did not appear in the blot despite increasing amounts of eluate fraction, thus suggesting that UBE2B did not interact with GST-MuRF1 in our conditions. UBE2B impacts its affinity for E3 ligases, 25 so that we cannot rule out that phosphorylation may be needed for efficient MuRF1-UBE2B binding. However, phospho-mimic UBE2B induced a decrease in binding affinity towards UBR1/E3α ligase but not a total blockade, 25 which obviously could not explain the lack of affinity between UBE2B and MuRF1 in our assays. Moreover, this lack of interaction between UBE2B and MuRF1 is in agreement with former data showing that MuRF1 was implicated in the targeting of α-actin present in the myofibrillar-enriched fraction, 12 while present data indicate a role of UBE2B on the soluble α-actin content (Figure 2 ). More work is clearly needed for identifying the E3 ligase that recognizes actin for subsequent ubiquitination by UBE2B.
E2s and E3s act in concert for specifically targeting proteins for degradation. This means that identifying physiologically relevant E2-E3-substrates combinations may provide new therapeutical strategies for fighting against diseases. We provide here evidence that UBE2B is one of the six main E2s recruited during highly catabolic situations and that UBE2B affects a major fraction of cellular proteins including actin and myosin heavy chain. However, this action is probably independent from MuRF1 and restricted to the soluble compartment. Future work will have to fully identify UBE2B-E3 and E2-MuRF1 couples responsible in vivo for myofibrillar protein targeting.
